ABSTRACT
INTRODUCTION
Trypanosoma cruzi is a protozoan parasite that causes Chagas' disease. This chronic, incapacitating disease is prevalent in most of Latin America and affects 16 to 18 million people (20) . A detailed knowledge of the structure of the parasite's genome is prerequisite for disclosing key mechanisms of the parasite's survival and pathogenicity, such as the attachment to host cells, invasion, subsequent differentiation and evasion from the immune response. Hence, the aim of molecular genetic analysis must be the sequencing of at least those parts of the genome that potentially contain the basic genetic information for such crucial aspects of the pathogen's life cycle. Access to this information will facilitate the development of specific tools for diagnosis and assist in efforts aimed at an effective treatment by immunotherapy or drugs. To this end, we have embarked on the mapping of the entire genome of T. cruziat the level of cosmid cloning, which will form an indispensable basis for detailed sequence analyses on a large scale. The T. cruzi clone CL Brener was used, since it was selected as a reference strain at a meeting in 1994 held at Fiocruz (Brazil) sponsored by the World Health Organization (WHO). In this manuscript, the techniques of library generation and essential analyses of representation, colinearity, chimerism and other quality characteristics are described-procedures that are crucial for any library. Typical results from hybridization mapping are shown, as is the utilization of a modified cosmid vector for uncomplicated and convenient generation of restriction maps.
MATERIALS AND METHODS

Cosmid Vector
To add recognition sites for the enzymes I-Sce I and Asc I to the vector cloning site, the 31-bp cassette, depicted in Figure 4A , was inserted into the unique BamHI site of Lawrist7 (5) . After re-ligation and transformation into E. coli , several clones were picked for restriction analysis and two clones (Lawrist7-Sce1 and Lawrist7-Sce2) were selected containing the cassette in either orientation.
Cosmid Cloning
Epimastigotes of the cloned CL Brener stock (2) were grown in BHT culture medium and harvested as described previously (4) . DNA was isolated following the protocol of Herrmann and Frischauf (9) . The bulk of the DNA was in the size range of 300 to 400 kb, as determined by pulsed-field gel (PFG) electrophoresis (run for 24 h in 0.5 × TBE buffer, pH 8.3, at 6 V/cm, initial switch time 60 s, final switch time 120 s). DNA concentrations were determined in a pH 12.0 buffer by measuring the increased fluorescence of DNA-intercalated ethidium (18) . Insert DNA for cloning into cosmids was prepared by using the following two procedures (10,11):
For a partial Mbo I digest, 0.2 µ g/ µ L DNA was cut with 0.025 U/ µ L Mbo I (New England Biolabs, Beverly, MA, USA) at 37°C. Aliquots were taken at various time points, and the reaction was stopped by the addition of EDTA and heat-inactivation at 68°C. Subsequent to phenol and chloroform extractions and an ethanol precipitation, the DNA was dephosphorylated using calf intestine phosphatase (Boehringer Mannheim, Mannheim, Germany). Vector arms of the cosmid Lawrist7-Sce1 were prepared by linearization with Sca I (New England Biolabs) and dephosphorylation, followed by cleavage of the BamHI cloning site. Two micrograms of T. cruzi DNA, digested for 5-10 min, were ligated to 2 µ g vector arms in 25 µ L of 25 mM Tris-HCl, pH 7.5, 10 mM dithiothreitol, 100 mM NaCl, 7 mM MgCl 2 , 1 mM spermidine, 1 mM ATP and 2.5 U ligase (Amersham, Arlington Heights, IL, USA) at 15°C overnight and stored for a week at 4°C. The ligation products were packaged in vitro using Gigapack ® extracts (Stratagene, La Jolla, CA, USA), transfected into the E. coli strain DH5 αand grown on 30 µ g/mL kanamycin agar plates. Individual clones from randomly plated colonies were picked by a robotic device (Genetix, Christchurch, England, UK) and transferred to 384-well microplates containing 2 × YT growth medium supplemented with freezing medium [36 mM K 2 HPO 4 , 13.2 mM KH 2 PO 4 , 1.7 mM Na-citrate, 0.4 mM MgSO 4 , 6.8 mM (NH 4 ) 2 SO 4 , 4.4% (vol/vol) glycerol] and kanamycin, grown overnight at 37°C and then stored frozen at -70°C.
As a second approach, 4 µ g of CL Brener DNA was physically sheared to an average size of 80 to 100 kb using a vortex mixer, combined with the same amount of vector arm DNA and bluntended with 6 U T4 DNA polymerase (New England Biolabs) in 20 µ L 33 mM Tris-acetate, pH 7.9, 66 mM potassium acetate, 10 mM magnesium acetate, 0.5 mM dithiothreitol and 100 µ M of each nucleotide at 12°C for 30 min. After 10 min of heat-inactivation of the T4 DNA polymerase at 75°C, the sample was cooled to room temperature. ATP was added to a concentration of 0.5 mM and T4 DNA ligase (New England Biolabs) to 0.5 U/ µ L followed by incubation at 12°C overnight and subsequent storage at 4°C. Packaging and transfection were carried out as described above.
Clone Filters and Probe Hybridization
High-density filter arrays of the clone library were generated as described in detail earlier (10, 11) . Clone material was spotted by a modified version of the robotic device used above. The material was picked onto 22 cm × 22 cm nylon membranes (Hybond ™-N + ; Amersham). Each filter contained 18 432 cosmid clones, each spotted in duplicate for easy and unequivocal detection. Colony growth was done on agar plates, after which the DNA was bound to the filter by a denaturation and subsequent neutralization step, followed by a removal of proteins using proteinase K or pronase E (Boehringer Mannheim).
Radioactive probes were generated by random hexamer priming (7) incorporating [ α -32 P]dCTP (Amersham). Detailed protocols for probe hybridization, signal recording and subsequent stripping of the filters can be found elsewhere (10, 21) . Briefly, hybridizations were carried out in 0.5 M Naphosphate, pH 7.2, 7% sodium dodecyl sulfate (SDS), 1 mM EDTA, 0.1 mg/ mL yeast tRNA at 65°C usually overnight. The probe concentration was about 0.5 million cpm/mL. Subsequently, the filters were briefly rinsed twice at room temperature in 40 mM Na-phosphate, pH 7.2, 0.1% SDS and washed in the same buffer by slowly rocking in a waterbath of 65°C for 15-30 min. Only filters hybridized with the identical probe were washed together. The filters were briefly blotted dry, covered (e.g., with Saran ® Wrap) and exposed to film from 2 h to overnight at 70°C using an intensifying screen. Stripping was done in 5 mM Na-phosphate, pH 7.2, 0.1% SDS at about 90°C for 30 min, after which the procedure was repeated.
Clone Karyotyping
DNA of the T. cruzi cloned stocks CL Brener and, as a comparison, CA I/72 was run on pulsed-field gradient gels to separate the chromosomes in the size range below 1.8 Mb (run for 34 h in 0.5 × TBE buffer at 6 V/cm, initial switch time 58 s, final switch time 169 s). The two quite distantly related strains belong to either of the two identified sub-populations of T. cruzi , the zymodemes Z1 (CA I/72) and Z2 (CL Brener). Filter transfer was carried out as reported in detail by Henriksson et al. (8) . Hybridization was done as in the clone filter experiments.
RESULTS
Library Construction
For cloning T. cruzi DNA, a modified version of cosmid vector Lawrist7 (5) was used. The Lawrist series is a versatile system with two cos sites. It has been proven convenient and effective for the production of libraries from many different organisms (e.g., Reference 12). The average insert size of 37 kb and the relatively small vector portion of 5.5 kb, together with high DNA stability and a high-copy number, make it an excellent DNA source for mapping and subsequent sequence analysis (e.g., References 21 and 24).
The most convenient and most effective way of cloning genomic DNA into cosmids is following partial digestion with a frequently cutting enzyme. Here, the restriction nuclease Mbo I was used. Total T. cruzi DNA, including the kinetoplast DNA, was isolated and digested for 1-30 min with a limited amount of enzyme ( Figure 1 ). The DNA of the 4-min and 8-min digests was used for ligation, although the majority of the DNA was still much larger than the about 28-44 kb that are clonable into Lawrist-based cosmids. This was done to avoid the generation of chimeric clones containing two unrelated fragments. This is particularly important since the occurrence of a band ladder in the 30-min digest depicted in Figure 1 clearly indicates the existence of a short repeat in the T. cruzi genome, which was cut with Mbo I. The size difference of about 200 bp between the bands corresponds well to the known 196-bp satellite DNA repeat (22) . Due to the very limited partial digestion used for cloning, there is only a relatively low probability for the occur -
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rence of chimeric clones in the library, even for the case where a satellite repeat is one of the fragments. However, even if there were clones containing two unique but unrelated fragments, they would not seriously disturb the mapping. Since each such clone would be a unique connection between two distant probes, such data and the respective clone would be ignored in the analysis until confirmed by at least one more clone, which is extremely unlikely to happen in the case of a random coligation event (10) . As a result, these clones will not be considered for subsequent analyses such as sequencing. Clones chimeric with a 196-bp fragment would not necessarily show up during the mapping. However, their chimeric portion could be easily identified at the sequencing stage, since the repeat sequence would be located in a terminal position of the insert surrounded by two Mbo I sites.
As an additional mechanism for verifying the authenticity of the cloned DNA, about one-fifth of the cosmid library (5 genome equivalents) was made from sheared DNA. To keep the cloning efficiency at a reasonable level, the blunt-ended insert DNA was not dephosphorylated before ligation. Although this increases the probability of the occurrence of chimeric inserts, there was subsequent selection against chimera because of the high excess of vector DNA during ligation and the size selection of the packaging of the DNA into λphage particles. Since on the average, the broken DNA was more than 80 kb in size, where only a small portion of the fragment population was actually in the size range that could be cloned in the Lawrist-vector, it was rather unlikely that two such small fragments had been ligated to the same vector molecule. Most chimeric inserts were too big to be packaged. The cloning efficiency was lower but comparable to the one achieved with the Mbo I-cut DNA, with the transfection rate being about 5000 clones per microgram DNA rather than 20 000 clones. Although the overall rate of chimerism could be higher, any particular artificial cohesion of the Mbo I-cut 196-bp repeat fragment can be ruled out for this library. Although not adequate for mapping the entire genome on its own account, the fivefold coverage of the second library should be sufficient to enable examination of any region potentially ambiguous in the library made from the Mbo I partial digests.
Clone Chimerism
During the partial digestion, the presence of an Mbo I site in the satellite DNA 196-bp unit and its apparently preferential cleavage produce an overproduction of many DNA fragments of multiple sizes of 196 bp (Figure 1) . These fragments were predestined to counteract the selection for unique inserts by the addition of an excess of vector DNA during ligation and by the size selection of the packaging process. Testing for the repeat unit's frequency in the library therefore provides a tool for quality control of chimerism in the library. Hybridization with a satellite DNA probe (22) produced positive hybridization on 9.0% of Mbo I-cut inserts and 9.1% of sheared inserts of the library clones (e.g., Figure 3B ). Since about 9% of the T. cruzi genome is known to consist of satellite DNA (22) and since the percentage of positives in the two library types are the same, it can be concluded that the degree of chimerism must be small.
Colinearity of Clone Inserts
Thirty-five cosmids from the entire library were picked at random and isolated. After Pst I cleavage, all clones showed different restriction patterns (not shown), adding up to about the expected average insert size of 37 kb. From restriction and hybridization patterns, it was found that some 3% of the clones consisted of DNA with no insert, a value in agreement with data from other libraries (12) . To confirm the colinearity of cosmid inserts, genomic DNA was cut to completion with Eco RI and separated on a 1% agarose gel (Figure 2A) . After a Southern transfer, several cosmids were hybridized to this DNA. In all cases examined, the band patterns of genomic and insert DNA were identical (e.g., Figure 2 , B and C); Eco RI cuts off the vector DNA very closely on either side of the cloning site. Clones were also hybridized to filters containing PFG-separated chromosomes of the T. cruzi strains CL Brener and CA I/72. As expected from earlier results (8), the cosmids identified homologous sites in genetically equivalent chromosomes, which, nevertheless, showed large differences in size (e.g., Figure 2 , D and E).
Hybridization Mapping
Altogether, 36 864 primary cosmid clones were picked into 384-well microplates. Assuming a haploid genome 690BioTechniques
Vol. 21, No. 4 (1996) size of 55 Mb (14, 23) and complete diploidy of the T. cruzigenome, the clones represent about 25 genome equivalents. For genome mapping, the entire library was gridded on high-density filters for hybridization ( Figure 3) . Mapping is currently under way following the strategy that was successfully used for completely covering the 14-Mb genome of Schizosaccharomyces pombe (11) . However, rather than using cosmids from the library itself as probes, mostly cDNAs will be hybridized, thereby not only sorting the cosmids but also simultaneously locating the relevant genes on the map. In addition, cDNAs show a much lower proportion of repeat sequences, thus allowing the use of pooling schemes that will significantly reduce the number of experiments. Figure 3 shows some typical hybridization results. No competition was used for the suppression of cross-hybridization caused by repeat or vector sequences. Hybridizations of randomly selected cosmids back to the library yielded on average 56 ( ± 39) clones per experiment, a number that is fairly close to the theoretical value of 50 that one would predict from the library's genome coverage.
In Table 1 the results of hybridizations with unique markers are listed. In addition, a few repeat sequences were checked for their occurrence in the library. The probe for the antigens Tc No. 1 and Tc No. 10 (13) produced two distinct sets of positive signals, strong hybridization to 19 and 10 clones, respectively, and weaker hybridization to others, the latter of varying intensity for Tc No. 1. A similar result with a Drosophilalibrary could be explained by the existence of other genes in the genome homologous for at least part of the sequence (unpublished results). The variation in signal intensities suggests a cross-hybridization of the repeat unit known to be part of gene No. 1 (13) . The 150 positive cosmids identified by the cysteine protease probe confirms the data from hybridization experiments on PFG-separated chromosomes that there are fewer copies in strain CL Brener than in some others. Of all probes used, only the hybridization of a DNA of a mucin gene from T. cruzi strain RA112 did not produce any signal on the filters at high stringency. ′ -g ′ ) . From the bands in lane d ′ (the top band containing two fragments) and a redundant experiment with a probe for the left end (not shown), the fragment sizes (in kb) and order could be deduced as shown in Panel C.
However, a DNA of a related mucin gene from T. cruzi strain CA I/72 did identify cosmids (Table 1 ). The mucin genes are known to differ in their central domain, while their 5 ′ and 3 ′ ends show a higher degree of homology (6) . The results of the hybridizations show that the variation at the DNA level is substantial enough to cause a difference in hybridization behavior. This conclusion is supported by a second hybridization with the Muc.RA-2 probe at much lower stringency. Besides producing higher background, clones positive with the mucin probe from CA I/72 showed up in such an experiment.
Reference System
In a system first proposed and set up by Lehrach et al. (15) , filters containing the complete library are distributed as a resource, and identified clones are provided. Clone filters have been used for more than 60 subsequent hybridization experiments. By using this reference system, other laboratories can work on a more detailed (e.g., sequence) analysis of a genomic region of their interest even before the physical map of the region is completed, apart from linking probes to the developing physical map, and vice versa. Eventually, their markers will be positioned in the T. cruzi genome without any additional effort on their part. Since one particular library is being used as a common tool, the data generated by different groups will be more easily compared.
Restriction Mapping
Once clone overlaps have been identified and formed into contiguous clone arrays, a restriction map made from a minimal clone set is, for two reasons, the next step toward a sequence analysis. First, such an analysis was found crucial in large-scale analyses, such as the European Yeast Sequencing Project (25) , for example, in order to avoid much redundant sequencing of DNA regions present in overlapping cosmids. Second, restriction data are control instruments; comparison of the sequence and the restriction map allows an initial evaluation of sequence accuracy.
The extended version of Lawrist7 allows a simple restriction mapping strategy for the T. cruzi cosmids. The insertion of the 31-bp DNA cassette into the unique BamHI cloning site of Lawrist7 introduced the 18-mer and 8-mer recognition sequences of the enzymes I-Sce I and Asc I ( Figure 4A ). Insertion was such that, only at one end of the cassette, a new and, hence, unique BamHI site was re-created. ISce I is extremely unlikely to cut any cloned insert DNA. It will therefore linearize all recombinant clones. The enzyme is much less affected by the DNA quality than λterminase, which requires highly purified DNA and, in our hands, gave varying results with DNA prepared by alkaline lysis. Partial cleavage of the linear DNA and a subsequent hybridization with a probe specific for either end of the vector DNA (e.g., Figure 4B ) will instantly produce a restriction map ( Figure 4C ) as described (19) . The I-Sce I site can also be useful for other aspects of DNA handling. For example, cleavage with ISce I produces non-palindromic 4 nucleotide 3 ′ protrusions, which can be utilized for strand protection in unidirectional deletion experiments. The termini generated by Not I or Asc I can be used as substrates for exonuclease III.
DISCUSSION
As part of a program initiated by the Tropical Disease Research (TDR) Special Programme of the WHO, molecular aspects of the survival and contagious mechanisms of T. cruzi are being studied. To obtain detailed (sequence) information that is prerequisite for an understanding at this level, we report here the generation and characterization of a genomic cosmid library. The crucial importance of the quality of a representative library, and a thorough examination thereof, is still widely underestimated. Many aspects can be significant and consequential for the success of subsequent analyses. The data presented above demonstrate that the library fulfills the requirements as a useful tool for the analysis of the genome. It presents the backbone of an ongoing project that aims at the complete clone coverage of the T. cruzi genome and the subsequent sequencing of at least those portions potentially important for both diagnosis and treatment of Chagas' disease.
A clone coverage much lower than the 25 genome equivalents of the T. cruzi cosmid library is generally satisfactory for the identification and isolation of specific DNA pieces by library screening. However, it is inadequate for contiguous mapping. Not only will there be a few real gaps, but, more importantly, there will be regions of clone representation that are insufficient for unambiguous map generation. The problem is further complicated by variations in the cloning efficiency for different DNA regions. The observed standard variation value of 39 around the average of 56 clones identified by randomly selected cosmids evidently highlights the fact. The sheared library will help in this respect, because regions with few or no appropriate restriction sites are made clonable by this procedure. Calculations on the basis of the S. pombe mapping experiments (11) indicated that a tenfold representation was the minimum necessary for the formation of a contiguous and unambiguous map of the genome. A higher degree of redundancy proved to be extremely helpful for the analysis and was actually essential for resolving problematic areas.
The marker hybridizations demonstrate the ease with which the genomic environment of genes can be isolated for more detailed analyses. The very same technique is being used for the mapping of the entire genome. Using hybridization rather than restriction fragment mapping, for example, has the advantage that physical clone sorting can be associated with the generation of an at least partial transcriptional map. This is in addition to the fact that, due to the highly parallel filter presentation and analysis, far less experimental effort per individual clone is required. By mainly using cDNAs as probes, genes will be located as an integral part of the map production. This correlation between the data will facilitate subsequent analyses. The approach also emphasizes the accessibility of the library as a common tool for the entire scientific community. The power of the hybridization mapping procedures is such that a near complete coverage of the 55-Mb genome should be achievable within a reasonable time frame. Sequencing analysis on library material has already been started and will continue concurrently with cosmid mapping. 
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